INTRODUCTION
Auroral ovals (AO) are the regions located in the northern and southern high latitude ionosphere where the main particles coming from magnetosphere precipitate [Feldstein, 1963; Feldstein et al., 1969; Akasofu, 1966] . These particles interact with the atmospheric atoms and molecules giving rise to luminosity in both visible and ultraviolet spectra. At ionospheric altitudes, the aurorae appear as continuous and luminous bands surrounding both geomagnetic poles [Frey, 2007] .
Moving from the large number of observations and models, Feldstein [1963] and Khorosheva [1967] suggested the concept of "auroral oval", that high-latitude region between 65°N(S) and 78°N(S) where aurorae are generally observed. Essentially, the AO consists in two parts: the discrete oval and the diffuse oval. The last one lies mainly equatorward of the discrete oval, while diffuse precipitation, although often not visible, appears also poleward of the discrete oval. The discrete arcs are more dy-namic in space (size, shape and location) and time (from second to minutes) than the diffuse oval [Borovsky, 1993] . Naturally, the dynamics and the position of the AOs strictly depend on the geomagnetic activity level. In fact, its equatorward boundary (EWB) location depends on both the energy of the precipitating particles and on the magnetospheric electric and magnetic fields [Kauristie et al., 1999; Villante and Piersanti, 2010; Piersanti and Villante, 2016; Piersanti et al., 2017] . Notwithstanding, its poleward boundary is defined as the separation between the closed field lines and the polar cap.
The boundaries of the AO can be determined either by ground-based observations [Moen et al., 2004; Aikio et al., 2006] and by low earth orbit (LEO) satellite observations [Wang et al., 2005] . In addition, global view snapshots of the AO can be provided through optical images taken from high-altitude satellites [Østgaard et al., 2007] . On this topic, using the DMSP (flowing at around 850 km at sunsychronous orbit) data, Newell et al. [2009] modelled the monoenergetic discrete aurora and the AO boundaries.
Closely related to the AO location, a current system, which is directly driven by the interaction between the solar wind and the plasma magnetically bounded to the Earth, continuously flows along geomagnetic field lines into and out of the ionosphere (field aligned currentsFACs). Iijima and Potemra [1978] found that FAC sheets are aligned with the boundary of the AO during quiet geomagnetic conditions, while distortions of this alignment occur during disturbed periods. Xiong et al. [2014a] developed an efficient algorithm to detect the auroral boundaries from FAC signatures by using 10 years observations of the magnetic field from CHAMP (CHAllenging Minisatellite Payload). In a successive statistical analysis, based upon the same CHAMP dataset, Xiong et al. [2014b] developed an empirical model able to efficiently determine both the equatorward and the poleward boundaries of the AO.
Given its high variability and richness on many space and time scales, the AO can be conceived as a space-and time-multiscale complex dynamical structure. Still, it is well localised conceptually in terms of geomagnetic line morphology: in fact, its EWB is where the geomagnetic lines change between dipolar lines and those stretching several Earth radii into the geomagnetic tail of the Earth. The AO poleward boundary (PWB), instead, is where the geomagnetic lines stop to be closed (relatively near the Earth), and open deeply in the near-Earth space and solar wind, reconnecting with the interplanetary magnetic field.
Crossing the EWB, as one moves poleward from the region of dipolar geomagnetic field lines to that where geomagnetic lines stretch into the Earth's magnetic tail, the local physical quantities Φ(x,t) describing the ionospheric plasma (e.g., the electron and ion densities n e (x,t), n i (x,t), or their local temperatures T e (x,t) and T i (x,t)) will change. Specifically, the quantities Φ(x,t) pass from the values characteristic of the plasma populating the low and mid latitude ionosphere (or plasmasphere, depending on the height of the trajectory one describes (Vellante et al., 2014a,b) ), to those pertaining to the plasma coming from the magnetic tail. Moreover, in the correspondence of the EWB, the static plasma of the dipolar region gives place to plasma fluxes arriving from the tail, so a strong shear in plasma velocity is expected, possibly producing instabilities, and hence strong fluctuations. Thus, across the EWB, local plasma quantities Φ will change not only in their "background" value Φ 0 but also in their "fluctuating" part δΦ, so that one has Φ = Φ 0 + δΦ. The local proxy will change in terms of fluctuation-to-background ratio δΦ/Φ 0 and, possibly, of the statistical distribution of these δΦ values.
Plasma boundary layers, as the EWB, are characterised by a major relevance of irregularities (i.e., the ratio δΦ/Φ 0 ) because turbulent regions are met: one often refers to turbulent boundary layers, indeed. Boundary layers are very interesting "mixed" regions. In fact, because of the high gradients to which the plasma undergoes, conditions of strong non-linear coupling between many degrees of freedom hold. This makes the plasma motion definitely nonlaminar and instabilities give rise to irregularities at many different time and space scales. As the dynamical features of different time and space scales (e.g., particle and kinetic effects, turbulent structures, continuum excitations) interact with each other, single approach treatments may result unsatisfactory: this is the real complexity of such an environment. The characterization of plasma proxies Φ = Φ 0 + δΦ with fluctuations behaving differently at different scales, i.e. a multi-scale statistical analysis (MSSA) of the δΦ local fields, may open new perspectives in the comprehension of this complex dynamics.
In the present paper, we study the behaviour of different scale components of a suitable plasma proxy measured along the trajectory of a LEO satellite, as specified below. As part of the selected proxy time series Φ(t) of the in situ measurements lays within the EWB of the AO, and part outside of it, our approach allows for a comparison between the two plasma regions in terms of MSSA. In detail, we examine some intervals of in situ data relative to the floating potential V float collected by the ICE (Instrument Champ Electrique, Berthelier et al., (2006) ) experiment onboard of the DEMETER (Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions) satellite [Lagoutte et al., 2006] , when the satellite was entering the northern AO crossing the EWB plasma. This physical quantity (i.e., our Φ(t) = V float (t)) is an indirect proxy of the local plasma features and dynamical state. The floating potential V float (t), even if not trivially related to the local plasma quantities (more directly to n e and T e ), is expected to be rather faithful to them, both in terms of its trend behaviour and fluctuations. Moreover, the high rate sampling of V float (t) allows to study the tiny details of the irregularities met. This grants to highlight how the passage between the topsideplasmaspheric environment and the EWB plasma is neither a sudden jump nor a smooth transition, but rather a midland in which it is possible to meet, sporadically but clearly, plasma features and structures characterizing both the two regions. If the use of a pictorial image is allowed, this is roughly what the driver meets when the car starts to enter a rainy region, and sees the first droplets on the windshield before the pouring rain envelops the car (of course, in the case of a satellite entering the EWB, the droplets are the first irregular localized plasma structures of the EWB). As already anticipated, the proxy V float (t) is multi-scale analysed via the ALIF technique [Piersanti et al., 2018] .
We remark that the analysis in this work is not intended to diagnose the entrance of the satellite into the EWB, but rather to introduce a tool to compare the multi-scale statistical dynamics of the plasma in different points of the trajectory that are presumed to be located in different plasma regions. In fact, the identification of the EWB in the V float (t) time series is based on the comparison between the satellite trajectory and the picture of the AO from the simultaneous auroral imaging of the DMSP satellite, see Section 3.
The paper is organized as follows. In Section 2 the data analysed and the method used are presented. The quantities calculated for the analysis proposed are illustrated in some detail. Section 3 thoroughly describes the 4 case events at hand, giving detailed explanations of the general appearance of the time series V float (t) analysed, and sketching the near-Earth space context from which it comes. In Section 4, the results of our analysis are presented and duly commented; then, some conclusions are drawn and future research directions sketched.
DATA AND METHODS
In this Section we describe the dataset used in our analysis, which are relative to the DEMETER mission, launched on June 29, 2004 and devoted to study the Earth's ionosphere and the disturbances due to seismic activities. Let's shortly remind that the DEMETER satellite orbits on a sun-synchronous orbit, located at 10:30 LT (local time) and at 22:30 LT, with an inclination of about 98.23° and an altitude of about 700 km. The DEMETER satellite performs 14 orbits per day and measures continuously between -65° and +65° of geographical latitude, and its payload includes, among others, electric field sensors (ICE), magnetic sensors (IMSC), and Langmuir probes (ISL). Here, we make use of the ICE experiment data.
ICE DEMETER MEASUREMENTS
In order to investigate the high latitude ionospheric fluctuation features we analyse data from the electric potential of the ICE (Instrument Champ Electrique) probe on DEMETER while crossing the northern high latitude EWB layer [Berthelier et al., 2006; Badoni et al., 2018] . In addition, the correspondent Langmuir probe measurements are used to detect plasma parameters (ion n i and electron n e density, and electron temperature T e ) which at the DEMETER orbit according to the international reference ionosphere (IRI) model should range as follows: plasma density n i = n e between 5·10 9 and 5·10 11 m -3 ; electron temperature T e between 2000 K and 3500 K.
ICE probes acquire the floating potentials (V float ) in ULF band at a frequency of 39 Hz [Berthellier et al., 2006] . In general, the floating potential follows the fluctuations of plasma potential (V pl ). In the case of the ICE probes, four contributions are relevant: electron collection, ion collection, photoelectron emission, and the current injected to the probe by the embedded current bias source. The behaviour of V float is modelled by the rates of particles collections as described by the equations reported in Diego et al. (2017) .
In an ideal case, plasma density variations do not affect V float since ion and electron collections have equal and opposite dependence from n, and bias and photoelectron contributions could be considered almost negligible at locations along the DEMETER orbit. However, in case of strong plasma density reductions, such contributions could be of the same order of electron current and, therefore, more effective in moving positive the V float .
DEMETER ICE probes have been developed for an accurate (of the order of µVs) measurement of the floating potential with the aim to detect electric fields in the range DC-4 MHz. Sensors are designed to operate at plasma densities greater than 10 10 m -3 . For this reason, ICE time series are very suitable for the study of rapid changes in ionospheric environment, such as the discontinuities of auroral zone. On the other hand, Langmuir probe measurements remain of good reliability but are not adequate for the monitoring of such small structure in the high latitude plasma.
DATA SEGMENTS ANALYSED
The four case events considered are the ones reported in Table 1 We choose this data segments, because of their almost homogeneous geophysical conditions (in terms of AE and Dst indices), ensuring DEMETER satellite passing through the AO.
MULTISCALE STATISTICAL ANALYSIS (MSSA)
In many dissipative dynamical systems outside of equilibrium, the observed fluctuations are very large and result from the interaction of a high number of degrees of freedom. When such an interaction yields multi-scale and chaotic spatio-temporal field fluctuations, and involve a nonlinear transfer of energy among the different spatio-temporal scales (e.g., via a direct and/or inverse cascading mechanism as for instance the Richardson's cascade), the system is generally said to display turbulent dynamics. More in general, quoting Falkovich [2008] , a turbulent state can be defined "as a state of a physical system with many interacting degrees of freedom deviated far from equilibrium. This state is irregular both in time and in space and is accompanied by dissipation". The present analysis of the time series of the ionospheric proxy V float (t) is inspired by the tools used in the study of turbulent media, which manifest large amplitude multiscale fluctuations and high spatial gradients due to the couplings of their components [Frisch, 1995] .
The study of signals collected probing turbulent media often deals with highly erratic time series X(t) = X 0 (t) + δX(t), and hence must be treated statistically (in the foregoing expression, X 0 (t) is the "low pass component" of X(t), while fluctuations δX(t) are generally considered to be the "high pass component"). The statistical analysis are well based for data intervals within which the statistics of the signal fluctuations δX(t) is stationary. Hence, the first step to apply this reasoning to the study of our fluctuating time series V float (t) is to select sub-intervals of the whole time series within which fluctuations δV float (t) have a stationary statistics.
As a suitable interval I for our analysis is fixed, the statistics of the fluctuations δX(t) are studied at different time resolutions, in order to single out those different scale-fixed degrees of freedom interacting non-linearly in the complex medium. In particular, the differences δ τ X(t) = δX(t+τ) -δX(t) are studied separately for each τ , so to obtain the probability distribution functions P I (δ τ X) for different values of τ. The dependence on τ of the statistics of the values δ τ X(t) will give information on the physical mechanisms governing the fluctuations δX(t). In the following, we will refer to this study of the dependence of P I (δ τ X) on τ as multi-scale statistical analysis (MSSA) of fluctuations.
As a first step, the MSSA requires a multi-scale decomposition of the signal δX(t), giving rise to the series δ τ X(t). This decomposition may either be done through the simple definition δ τ X(t) = δX(t+τ) -δX(t), or via some more formal decomposition of δX(t) into "independent" components δ τ X(t) with characteristic variability length ≈ τ, being 〈ψ 〉 the time average of the quantity ψ(t) over the time interval of stationary statistics for ψ. Such decomposition into scale-fixed independent modes is generally obtained as ( 1 ) the collection of functions w τ,t 0 is a set of independent modes, each of has ≈ τ, with support centred in t 0 . The coefficients g (τ,t 0 ) give the relevance of the -sized mode in a neighbourhood of t 0 to the composition of δX(t). Without loss of generality, the expression (1) may be constructed with orthonormal w τ,t 0 , so that:
(2) (the deltas in (2) are Kronecker symbols, being the set {w τ,t 0 } necessarily countable in data analysis). The MSSA consists then in the characterization of how the distribution of those values depends on τ, i.e. how P I (δ τ X) changes with τ. The functions w τ,t 0 (t) in (1) may be of various nature, basically equivalent. Adaptive Local Iterative Filtering (ALIF), where w τ,t 0 (t) is a set of signal-adapted functions, was used in Piersanti et al. [2018] to obtain multi-scale filters as (2) for GPS radio scintillation signals. In that work the authors put in evidence 
how MSSA from discrete wavelets and ALIF give roughly the same diagnosis for the turbulent signal examined. In the present paper, the ALIF technique has been adopted to construct all the -dependent statistical functions (hereafter called intrinsic mode components -IMCs).
We have however to remark that using the above definition of δ τ X(t) is not exactly the same of that used in the classical approaches to the study of turbulence media (Frisch, 1995) . Indeed, here we do not deal with increments at a fixed scale τ but, rather, with the fluctuation contribution at a certain characteristic scale τ. This approach is quite different and it has been already applied in the framework of turbulent space plasma studies via similar decomposition techniques [see, e.g., . The distributions P I (δ τ X) can be characterized via some quantities (cumulants) describing their shape: each statistical parameter obtained from P I (δ τ X) will depend on the scale τ at hand (and on the interval). In order to check the τ -dependence of P I (δ τ X), its first statistical momenta are usually considered: in particular, the second cumulant and the fourth normalized one: the variance σ I 2 (τ) and the kurtosis K I (τ). The normalized kurtosis, or better the difference K I ex (τ) = K I (τ)-3, indicated as excess of kurtosis, represents how the distribution tails differs from those of the Gaussian distribution. It may also make sense to calculate the Shannon entropy (3) which can provide a measure of the "degree of randomness" of the fluctuations δ τ X. Furthermore, in order to highlight how the τ -th component δ τ X stands out at a particular time t in terms of "energy", the ratio ε rel (t,τ) between the quantity |δ τ X(t)| 2 and its integral over the scales is calculated:
The quantity, named local intermittency measure (LIM) [Farge, et al., 1990] , is widely use in turbulent studies to identify the signal structures which are responsible for the occurrence of intermittency. In order to stress even more the (time) intermittency of the series δX(t), the square of LIM is calculated, and simply named LIM 2 :
The two quantities, ε rel (t,τ) and LIM 2 , allow for locating the sites where the fluctuation squared amplitude (energy) exceeds the average one or the intermittent events (LIM 2 > 3). Thus, while the variance, kurtosis and Shannon information of P I (δ τ X) are related to global features of the signal in the interval I as seen at the scale τ, the LIM ε rel (t,τ) in (4) and the LIM 2 in (5) rather define local properties of the δ τ X at time t.
In what follows, the MSSA is applied to the time series V float (t) collected by the ICE instrument on board of DEMETER. In detail, we show a collection of results from the different tools mentioned above. Furthermore, each time series V float (t) is first subdivided into two intervals: the "pre" interval, pertaining to the plasma within the dipolar geomagnetic field; the "post" interval, where the satellite crosses tailward stretched geomagnetic lines. Two sub-series V (t) and V (t) are selected accordingly, and the MSSA difference between their features are highlighted.
RESULTS OF THE ANALYSIS
In this Section we present in detail the results about multi-scale analysis of the case events mentioned in Session 2. Figure 1 shows the ICE and ISL observation during the DEMETER orbit segment between 5.88 UT and 6.48 UT. The offset observed between N i and N e is an instrumental effect. In fact, Langmuir probes (Lp), performs the various plasma particle collections at different polarization level (i.e. current collected along a sweeping voltage applied) to obtain the so called I-V characteristic from which it is possible to derive plasma parameters (Chen, 1977) . Since the relevant currents values are known to have different slope, the computational uncertainty of V pl detection gives rise to a computational difference between N i and N e .
THE JANUARY 1, 2005 CASE EVENT
In general, it is expected that V float (t) (panel 3) follows the theoretical floating potential (V f,th , panel 4), obtained through the plasma data measured by Lp as reported in Diego et al. (2017) . For the event under investigation it does not happened. In fact, while before 6:43 UT (vertical purple dashed line), V float (t) is characterized by an almost monotonichal increase and presents an unexpected growth at about 6.2 UT, V f,th shows an almost constant value (≈ 1V). This inconsistency is related to the concurring contribution of highly plasma variations (see the large enhancement of about 3V, occurring between 6.2 UT and 6.43 UT), that changes the particles collection mode of the probe, and to the motion of the satellite across
an increasing geomagnetic field. The first effect increases the ratio λ D /R probe , invalidating the above mentioned thick sheath approximation. The second effect reduces the electron gyroradius, causing a no more isotropic collection of electrons by the probe. The consequence is a positive growth of V float (t). Interestingly, between 6.3 UT and 6.43 UT, the plasma densities (panel 2, blue and green lines) and the electron temperature (panel 2 red line) show a sharp decrease and a sharp increase, respectively. This behaviour is explained by the crossing of DEMETER satellite through the "ionospheric trough" [Hunsucker and Hargreaves, 2007] . Finally, the sharp decrease of plasma density appearing at 6.2 UT, is clearly a seasonal effect caused by the equator crossing of the satellite, passing from summer to winter [Whitteker et al., 1978; Sojka, 1982] . The same but more marked situation appears in V float (t) FIGURE 1. DEMETER ICE and ISL data relevant to the 5th orbit of January 1th, 2005. Top panel shows satellite latitude and lon− gitude, second panel display the ion and electron density (blue and green curve respectively), the electron temperature and its standard deviation (red curve and red dotted curve respectively) computed every minute. Third panel shows one ICE probe floating potential (black), along with plasma potential (orange) and S/C potential (red). Bottom panel shows the theoretical curves obtained with each current computed with the correspondent density (I e computed by using N e , and I i by using N i ). Time is reported in decimal units UT. The vertical purple dashed line represents the time of 6.43 UT.
after 6.43 UT. In fact, it is first characterized by fluctuations whose amplitudes increases with increasing latitude, and then, it shows huge and sudden variations. At the same time, the relative plasma parameters show a strong decrase of the electron temperature, coupled with a decrease in the plasma density. T e depends on the transition region slope as well as the probe-plasma impedance. Thus, since the current of particle collection directly depends on their number, it is normal to observe enhanced and noisy temperature values in an extraordinary lowdensity plasma. On the other hand, in such condition the computational differences in N e and N i tend to disappear as can be seen in Figure 1 (third panel), since the electron and ion currents slopes become similar, and the uncertainties of ΔI/ΔV ratio near the inflection point (V pl ) are similar as well. The peculiar behaviour of V float , n e and T e after 6.43 UT can be related to the entrance of the satellite into a ionospheric boundary. The geographical position of the satellite between 6.43 UT and 6.48 UT renders it sensible to expect the satellite to be entering the EWB of the AO, as confirmed by Figure 2 : there, the superposition of the DEMETER orbit (red line) on the AO observations detected by DMSP satellite is reported.
The selected orbit arc (Figure 2 ) refers to the last 2 minutes (about 800 km) of the analysed data segment, precisely the interval corresponding to the irregularity in the Lp data. Comparing the trace of the red arc in Figure 2 to the time series of V float (t) reported in Figure 1 , it is visible that the occurrence of the peaks of V (t) takes place exactly at the latitudes of the outermost auroral oval. A point has to be clarified in this respect. The DEMETER satellite flies at 700 km, that is well above the region from which auroral emission comes. That emission is produced by the particle precipitation along the geomagnetic field lines: we believe that the irregular structure met in the time series of data from its Lp V float (t) corresponds to the plasma irregularities upstream the emission origin region, caused by the same particle precipitation switching on the aurora below.
On on the basis of the V float (t) behavior, we divided our observations into two time series: the first one (V (t)), which starts at 6.3 UT and terminates at 6.43 UT (outside the AO); the second one (V (t)), which begins at 6.43 UT and finishes at 6.48 UT (inside the AO).
MSSA RESULTS
To analyze the multi-scale statistics of the in situ irregularities of the medium corresponding to the pouring particle precipitation determining the Auroral Oval, V float (t) between 6.3 UT and 6.48 UT is considered, concentrating, however, on V (t) (Figure 3 ). As the time series V float (t) is reported in panel (a) of Figure 3 , its subseries V (t) and V (t) are singled out by glance. When entering the EWB the V float becomes more spiky, as it is clear from the middle panel (b) where V (t) is reported, and the difference between adjacent elements of time, δV (t), reported in the bottom panel (c) (that is useful to highlight apparent intermittency).
Time-scale analysis is possible for all these time series, which turns into being a space-scale analysis because of the satellite-plasma relative motion. It is worth specifying that a trend has been subtracted from the time series of Figure 3 in order to highlight the fluctuations, whose analysis represents the core of this paper. In addition, we can neglect the baseline behaviour in because all its physical proprieties are already identifiable in its detrended version.
The plot of the time series V float (t) in Figure 3 (panel a) indicates at a glance how an irregular structure follows the smoother part of the series. A first simple but effective way of comparing the two data segments V (t) and V (t) is to calculate their power spectral density (PSD) via Fourier analysis showed in the panels (a) and (b) of Figure 4 , respectively. The spectrum of V (t) in Figure 4a is characterised by a strong peak at 1 Hz on the top of a smooth power spectrum background representing rather weak noise; the 1 Hz peak is due to an experimental artefact of the Langmuir probe The Figure 4b plot represents instead the PSD of V (t): the time series collected in the EWB plasma is a double power-law spectrum with two distinct regimes, i.e., a lower frequency power law with exponent α 1 = -1.48±0.42, and a higher frequency power law with exponent around α 1 = -2.69±0.22. This kind of behaviour, definitely pointing towards multi-scale dynamics, is not easily recognizable in terms of well-known and accepted theories. This is a preliminary indication that in the EWB it is very likely that some plasma instability may generate a multi-scale power-law spectrum. Furthermore, the power-law character of PSD suggests that scale invariance may be a peculiar feature of such fluctuations. However, this point requires more analysis that are outside the scope of this work and are demanded to a future more detailed study (see Section 4 for more comments).
When V float (t) is ALIF-decomposed, a change of regime is observed at t* = 6.43 UT, becoming apparent as a multi-scale element. Figure 4c and Figure 4d , report the relative energy ε rel (f,t) for the whole time series V float (t) and LIM 2 (f,t), as functions of the equivalent instantaneous frequency f (assuming f = τ -1 , see Piersanti et al. (2018) ) and time t, respectively. The ε rel (f,t) behaviour (Figure 4c) shows that the energy distribution is definitely different before and after t*. Before t* the whole segment is characterized by the strong f =1Hz component, while after t* a strong f =2Hz component appears. Looking at Figure 4d , reporting the LIM 2 (f,t) of the V (t) time series, at around 10 Hz, smaller and sporadic plasma structure appear where the intermittency is highly concentrated.
The proper analysis of multi-scale statistics of V float (t) is performed by analyzing the two aforementioned segments V (t) and V (t). Each segment is assumed to be statistically homogeneous (which is true in first approximation, and however their internal statistical variability is much less that the difference between the two ones), allowing its ALIF decomposition and MMSA analysis in a time-independent way. Then, the statistical parameters ε rel (f), K(f) and I(f) are calculated for each component, of equivalent Fourier frequency f, and reported as functions of f. The resulting plots for the smooth part of the V (t) series are reported in Figure 5 , while, in Figure 6 , the results for the irregular part of the series V (t) are shown. Here, the time does not appear as a variable anymore, because the statistics of the whole (presumed homogeneous) time series V (t) and V (t) have been considered together. By comparing Figures 5 and Figure 6 , three main features may be highlighted as important characteristics of the V (t)-versus-V (t) "transition". First of all, as already visible in Figure 4 , the energy becomes differently distributed along the scales, so that smaller structures appear in the irregular portion of the crossed medium. Moreover, while in Figure 5 the function K(f) is almost flat, with an increase between 3x10 -1 Hz and 1 Hz, in Figure 6 K(f) is growing monotonically for frequencies higher than 1 Hz, indicating that the smaller the structures is considered, the less-Gaussian distribution they show. In the presence of fully developed turbulence, which is not ascertained to be the case here, this would be safely stated as a condition of anomalous scaling, i.e., of intermittency [Frisch, 1995] .
Last but not least, in the comparison between the multi-scale statistics of the smooth and the irregular parts of the medium (Figures 5 and Figure 6 , respectively), the I(f) variability as a function of frequency f has to be considered. An important feature is that the Kf) and I(f) slopes seems to be "anti-correlated" in both cases. In addition, in both cases, I(f) are different according to the difference between the two excesses of kurtosis. The "anti-correlation" of I(f) with respect to K(f) denotes that, as the f-fixed fluctuations depart from the Gaussian distribution and their kurtosis grows, they become less random showing a smaller Shannon entropy. This anticorrelation suggests that the shape of the PDFs of the fluctuations acquires a more leptokurtotic feature by decreasing the scale τ (as shown in Figure 7) .
Last focus on the irregular behaviour of plasma at the EWQ of the Auroral Oval is reported in Figure 7 , where the PDFs P(x τ ) distributions is reported for the various τ scales. Here, to compare the shape of the PDFs at different scales, the fluctuations δ τ X(t) have been scaled to unit variance, i.e., where σ is the standard deviation. These PDFs are clearly leptokurtotic showing fat tails and a very pronounced probability peak around zero in the core of the distribution. The semilog plot clearly indicates that the PDFs do not collapse on a unique master shape. This behaviour indicates that the statistics of fluctuations of V is not merely scale invariant, but conversely there is a change of the PDF shape from long to short timescales. In turbulent media, this is one of the signatures of intermittency, i.e. the crowd of localized features shows a scale dependence that is point dependent, and gives rise to multifractal features. This is another indication of the highly irregular and complex dynamics weaving the small scale texture of the EWB. Figure 2 . On the right, figure 2 reports the PSD analysis for the corresponding events. As for the January 1, 2005 event, it can be seen that, as DE-METER flew in/out of the AO, the PSDs of each V time series collected in the EWB plasma is a double powerlaw spectrum with two distinct regimes (a lower frequency power law and a higher frequency power law), suggesting again that scale invariance may be a peculiar feature of such fluctuations.
THE OTHER EVENTS
When each V float (t) is ALIF-decomposed, a peculiar t* appears, at which a change of regime is observed, becoming apparent as a multi-scale element. Figure 9 shows a summary plot of the MSSA applied to the July 2, 2010 event. Left panels show the statistical parameters ε rel (f), K(f) and I(f) calculated for each ALIF component of V as functions of the frequency f. Right panels shows the LIM 2 parameter (top) and the probability density function of V for 1 Hz < f < 10 Hz. The analysis confirms the results obtained for the January 1, 2005. In particular, the relative energy peaks at several different scales, indicating the presence of multi-scale structures, while the kurtosis grows up with f indicating the same "intermittent appearance" seen in the V segment studied in § § 3.1 and 3.2. In the same way, the fluctuations with higher kurtosis appear to be less Shannon-entropic, i.e. likely to be more deterministic, more "organized". Last but not least, the multi-scale PDF plot clearly indicates a non-collapse of the reduced distribution, probably indicating a not-self-similar behaviour of turbulent dissipation in the plasma in the EWB.
The for the other 3 case events, that may be consulted in the supplementary material of the paper, just confirm the same diagnosis about the EWB plasma studied via multi-scale statistics. 
CONCLUSIONS
In this work we have presented the results of applying MSSA to the high latitude fluctuations observed by ICE experiment on-board of DEMETER, while crossing the EWB of the northern auroral oval. Indeed, thanks to the availability of the high rate V float (t) time series, one is able to perform a MSSA of the signatures of the ionospheric plasma irregularities on electric field measurements. In particular, the present paper addresses the MSSA of data collected in the outermost border of the AO, by applying the ALIF technique to multi-scale decompose the V float (t) time series, which is able to highlight the irregular structures sitting along the geomagnetic lines, approximately 700 km higher than the AO. The observed region should be that of the trails of particle precipitation giving rise to auroral emission.
Our analysis shows that fluctuations produced by the particles re-entering from the magnetotail along the geomagnetic lines are characterized by features pointing towards spatio-temporal intermittency. This statement is true under the reasonable hypothesis that the medium remains approximately steady while the probe crosses it (namely, the Taylor Hypothesis, see Frisch (1995) ).
The take home message suggested by our results is the following.
The most external part of currents flowing in the auroral region is an intermittent distribution of irregular, localized structures. Their presence produces fluctuations in V float (t) that show higher and higher kurtosis distributions as smaller and smaller space details are examined (in Figure 6 , indeed, K(f) grows with f, as also for K(f) in Figure 9 , and in the respective plots in the supplementary material). This suggests that, at the EWB of the AO, the ionospheric plasma medium can be in a turbulent state displaying patchy multi-scale structures. A further characterization of the small scale fluctuations of the plasma at the EWB is done by checking the shape of their reduced PDF at different scales (frequencies), seeing that, due to the fat tail behaviour, those probability distributions do not collapse. In practice, this means that fluctuations at different scales show more and more leptokurtotic statistics as smaller and smaller scales are considered. If one wanted to envis- age a theoretical picture justifying such results, it would be necessary to state that from scale to scale the behaviour of dissipation field is not scale-invariant (nonself-similar, multifractal). All in all, at the EWB the plasma shows a nearly turbulent state, the origin of which could be related to the growing of some type instabilities (e.g., Kelvin-Helmotz, Kruskal-Shafranov, etc) in the boundary regions where large shear velocity gradient could be present. In Figure 2 this irregular nature of the AO boundary structure seems to appear already in the distribution of emissions registered by DMSP. However, when the fluctuations of the plasma are directly monitored through the in situ proxy V float (t), this "irregular appearance" turns out to be the real texture of that ionospheric region. Remarkably, such irregular texture occurs where a "boundary" is well known to exist (in this case, the EWB of the AO), suggesting that ionospheric "boundaries" may appear much richer and more complex if studied in detail.
11

MULTI SCALE ANALYSIS OF THE AURORAL OVAL
The results presented in this paper are just preliminary ones, due to the limited amount of data analysed. When a much wider statistics is available, it will be possible to study how the plasma dynamics does influence and produce the statistics registered here, which is the real physics challenge of this kind of study. Anyway, the results obtained here completely agree with Tam et al. [2005] , who performed intermittency analyses on the electric field data obtained by the SIERRA sounding rocket in the auroral zone. They obtained that the electric field fluctuations are more intermittent at smaller scales.
In addition, the authors think that these results, obtained on a very limited collection of data, however, point towards the convenience of systematically applying MSSA to high rate in situ data collected by satellites through the whole ionosphere. Collecting a serious "zoology" of similar ionospheric "details", and dressing them with the plasma physics motivation, will be an unprecedented progress in near-Earth space science.
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